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Abstract 
It is crucial to establish the relationship between hydrological alteration and ecosystem responses in order to sustain a 
healthy ecosystem in water resources management. In this paper, Net Ecosystem Metabolism (NEM) was selected to 
indicate ecosystem level tropic conditions within ecosystems. A dynamic dissolved oxygen (DO) model was 
developed by using STELLA to predict the variations of the NEM in the Yellow River Estuary. The developed model 
was built on the basis of the salinity balance by particular fresh water inputs in the estuary, with wind speed, 
temperature, plankton production and other factors concerned. Composition of the balanced DO system in this model 
was divided into two main parts: a reoxygenation model and an oxygen consumption model with physicochemical 
and biochemical components. The model was calibrated and validated by using two independent experimental data 
sets observed in the Yellow River Estuary during the monsoon period. The simulated DO agreed well with the 
measured results in the Yellow River Estuary. By making sensitive analysis of the model, temperature was found to 
be the most remarkable factor affecting metabolic rates at individual sites. Results indicated that the calculated NEM 
by simulated DO showed some regularity on a daily scale. The temperature was found to be positively related to 
NEM. In this study, complicated eco-hydrological mechanisms involved in the metabolic processes were integrated 
in the dynamic model. The model was proved to have the simulation error kept under 23%, and was efficient in the 
study of water quality in estuarine ecosystems.  
 
© 2011 Published by Elsevier Ltd.  
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1. Introduction 
An estuary is the area of land-ocean interactions and the hinge of domestic and international trade [1]. 
The estuary front is the interface between estuarine mixing water and seawater. In recent years, under the 
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impact of increasing water diversion, reduced rainfall and frequent human activities, freshwater inflows of 
the Yellow River Estuary have been decreased dramatically. Variations on water and sediment processes 
such as floods, cut off streams, river atrophy and main channel deposition have frequently occurred. These 
situations have resulted in water environmental capacity atrophy, the decreasing self-purification ability of 
water and the degradation of water quality. It is crucial to establish the relationships between hydrological 
alteration and ecosystem responses in order to sustain a healthy ecosystem in water resources management. 
Water quality simulation and forecast is the basic study in water environment planning and management. 
With the intensity of research, net ecosystem metabolism (NEM) has become one of the useful 
indicators of tropic conditions within estuarine ecosystems [2-4]. A positive NEM indicates that 
autochthonous sources of organic matter dominate in the ecosystem, whereas a negative one suggests 
allochthonous sources dominate [5]. Metabolic situations vary in different ecosystems, and there exist 
various methods for calculating NEM in aquatic ecosystem. H.T. Odum first developed the method of 
calculating metabolic rates from the DO sag curve in the 1950s [6, 7]. Understanding the mechanisms for 
the dynamic concentration of dissolved oxygen (DO) in estuaries is essential to a successful prediction 
and calculation for the NEM.  
The model of DO has made great progress in theoretical research and practical applications [8]. 
Because of the complexities in the dynamic balanced process of DO in estuaries, it is imperative to seek 
an alternate option for evaluating NEM by a feasible and applicable method in order to investigate the 
relationships of fresh water input and net ecosystem metabolism in the estuarine ecosystem. Dynamic 
modeling is now a tool which is accessible to researchers in many fields, as easily and routinely as 
statistics. When models have been sufficiently tested and are considered robust, they can serve to predict 
the future states. Based on the theory of system dynamics, STELLA is an icon-based software package 
specifically designed for dynamic systems modeling. It provides a powerful platform that could synthesis 
all kinds of important factors involved in the process [9].  
In this context, a hypothetical case study was taken up by modeling the oxygen uptake and discharge in 
an estuarine outfall. A dynamic DO model was designed and applied by STELLA 10.7. Our main 
objectives of this paper were to: (1) evaluate NEM of the coastal waters of Yellow River Estuary with 
respect to water intrusion on the interface between seawater and freshwater; (2) investigate into the most 
important influencing factors for NEM in the estuary. This study should make preliminary contribution to 
the investigation of the influence mechanism of the lower Yellow River water and sediment change on 
metabolism.  
2. Study area and experiments 
The Yellow River lies in the north of China and belongs to the arid, semiarid and semi-humid climate 
regions. It is the second longest river in China and the fifth longest in the world, with a drainage area of 
752,443 km2 [10]. The Yellow River is famous for its abundant sediments, and its tail channels change 
tempestuously, which shapes a typical fan-shape delta. The annual water discharge has been 3.19×1010m3 
in recent years. The dry-up reached 226 days in 1997. The Yellow River Estuary becomes an intermittent 
estuary. The annual sediment discharge was about 1.2×109t in the 1950s, while only 0.2×109 in the 
1990s, which caused estuarine processes and delta shoreline changes.  
Apart from topographical changes, water contamination in the Yellow River Estuary has been more 
serious in recent years. It is found that the waters near the Yellow River mouth are seriously polluted by 
mercury and nitrogen. High concentrations of nitrogen in the water and a high increase rate of nitrogen in 
the sediment at the Yellow River mouth may cause eutrophication and contributes to the frequently 
occurring red tides events in the Bohai Bay [11].  
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The site was chosen based on several factors including hydrographs, habitat types near deployment, 
geographic location, and availability of ancillary data such as nutrient and chlorophyll concentrations. 
Two independent observations were carried out during June 24-25 and July 1-2, 2009 (monsoon). 
Variables including temperature, salinity, pH, BOD, and wind speed have been collected from near-
surface waters from the experimental site in the study region (Fig. 1.). Experimental methods include field 
monitoring and lab analysis. The sampling period and specific monitoring methods we applied have been 
used and described in detail by Sun et al. [12]. 
 
 
 
Fig. 1. Sampling site in the Yellow River Estuary 
3. Methods 
3.1. Model description 
The dynamic oxygen model presented here is based on the theoretic model for substance balance (see 
equation (1)) proposed by Sven Erik Jørgensen and G. Bendoricchio [13]. A material balance equation is 
the basis of elemental recycling: 
 
(1) 
 
 
where C is the concentration for certain nutriment; t refers to time;      represents the inflow or outflow 
process.  
Oxygen is definitely the most important element for living things. It circulates in the environment and 
accesses to the recycling process of other elements by chemical reaction, respiration and photosynthesis. 
Oxygen balance in the aquatic environment can be explained by model as follows:  
 
(2) 
 
where C refers to the concentration of dissolved gaseous oxygen; t refers to time; reoxygenation and 
deoxygenation are the main processes affecting the balance.  
reoxygenationdC deoxygenation
dt
 
i
i
dC f
dt
 
if
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The process of reoxygenation is the momentum exchange of oxygen molecular at the interface between 
gas and fluid; the flow is from air to water, and converses when oxygen is saturated. The reoxygenation 
model we present consists of two parts: reareation by wind and net oxygen production by aquatic organics. 
Wind reareation is the most important process, which is more than 80% reoxygenation [14]. Our model 
includes the consideration of the realities of plankton oxygen production and consumption. Oxygen 
carried by inflows is neglected here. Structure of the model is presented in Fig. 2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Structure of the established DO model 
3.1.1. Reareation model 
First, just like the double membrane model, a reaeration model is established:  
 
(3) 
 
where Cs refers to the oxygen concentration when saturated; kR is the mass transfer coefficient. 
For the determining of Cs, factors such as temperature, pressure and salinity is taken into consideration.  
Benson and Krause [15] built the empirical model under one standard atmospheric pressure.  
 
 
 
 
(4) 
 
where T is the thermodynamic temperature, which varies from 273.15~313.15; Chl varies between 
0~28           . 
After getting Cs, we need to get the mass transfer coefficient kR, which depends on the type of water.  
 
(5) 
 
where v (m/s) refers to the current speed; h (m) refers to the depth of water; Jørgensen summarized 
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previous studies that have been made on the coefficients of equation (5) (Table 1.). 
 
 
 
Table 1 Coefficient values of formula (5) of previous research 
      References 
1 0.57-5.4 2 Streeter and Phelps (1925) 
1.7 0.5 1.5 O’Connor and Dobbins (‘1956) 
1.35-2.22 1 1.5 Isaacs and Gaudy (1968) 
4.47 0.85 0.85 Negulescu and Rojanski (1969) 
2.33 0.674 1.865 Bennet and Rathburn (1972) 
2.13-3.0 0.67-0.73 1.75-1.85 Owens et al. (1964) 
 
It cannot be neglected that wind affects the coefficient value considerably when in lakes, reservoirs and 
open bays. Banks (1975) and Bank and Herrera (1977) proposed the formula under this circumstance [16, 
17].  
 
(6)  
3.1.2. Net oxygen production model  
Biological production of algae in the water is another main process in oxygen circulation. Algae 
produce oxygen during photosynthesis, while it consumes oxygen when in respiration. The net production 
of oxygen should be considered as follows:  
 
(7) 
 
where A refers to the biomass live weight of algae;                        refers to the oxygen production speed, 
which varies between 0.1~0.3.  (d-1);                        refers to the growth speed of phytoplankton; 2
refers to the oxygen consumption speed, which is about one-tenth of    ;            represents the respiration 
speed. According to Arrhenius equation,  can be evaluated by formula (8): 
 
(8) 
3.1.3. Deoxygenation model  
Consumption is one of the main courses of oxygen recycling, which consists of several parts: (1) 
biochemical oxygen demand (BOD); (2) chemical oxygen demand (COD); (3) nitrogen oxygen demand 
(NOD); (4) sedimentary oxygen demand (SOD); and (5) respiration function by primary procedure and 
secondary procedure in aquatic environment. The oxygen consumption by fish and plankton is omitted 
here.   
BOD can be evaluated as follows:  
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(9) 
 
where L refers to the measured concentration of organic materials by BOD, and it is the oxygen amount 
required for decomposition of organic materials by oxidation bacteria. dk  (d
-1) is the speed coefficient. 
Evaluation for dk is the main task for this part.  
The calculation of NOD is part of the process of nitrogen circulation. It can be illustrated by formula 
 
(11) 
 
where is usually evaluated as 4.3;  ranges from 1.0586 to 1.0850; and T is the centigrade temperature. 
In rivers, Nk varies from 0.05~0.1, and 4N NH  belongs to 0~2.  
SOD is produced mainly by the degradation of organic matters under the rivers, apart from respiration 
of benthos. The process model of SOD is:  
(12) 
 
where C (mg/L) is the concentration of oxygen; t refers to time; h refers to depth of water;      is the 
oxygen consumption speed. Thomann [18] proposed the range of   with different substrates that it varies 
between 0.05 and 0.1, and the mean value is 0.07.  
3.2. Calculation for NEM 
 Russell et al. [19, 20] proposed the open-water dissolved oxygen method to evaluate NEM that NEM 
is calculated by the variation of DO concentration within 24 hours. The detailed calculation process is 
described by Sun, et al. [12].  
4. Model calibration and validation 
Only one group of the input parameters, namely the coefficients of formula (5) for determining 
reareation coefficient KR, K1 (the degradation rate of BOD) and a1 (the oxygen production efficient for 
chlorophyll) were selected for model calibration in this study.  
Experiment data from 18:44pm June 24, 2009 to 18:29pm June 25, 2009 is used for model calibration. 
Based on the measured data, the average values of DO, COD and NOD have been estimated as 8.62 mg/L, 
7.5 mg/L and 2.3 mg/L respectively, and these are used in the model as initial values. A constant decay 
rate of 0.03 day-1 is assumed for BOD [21, 22]. The wind speed and direction and temperature flux at the 
surface are given as input based on the measured data [23]. On the basis of previous studies and the 
model calibration, suitable values of the parameters are defined and presented in Table 2.  
Table 2. Calibration results for the parameters of the model 
 4N
dO k N NH
dt
   
1
s
dC k
dt h
  
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Parameters Range Verified 
  1.0-3.0 1.65 
  0.5-1 0.7 
  0.85-2.0 1.75 
K1 0.01-0.5 0.03 
a1 2.13-3.0 0.67-0.73 
 
Comparison of measured and simulated DO is shown in Fig. 3, with a linear regression equation of 
Ysimualted=10.67Xobserved-0.937, and R2=0.912. The average relative error between observed DO and 
simulated DO is 11%. Simulated values for DO, compared with the measured trends are basically the 
same except for some highly deviated individual points.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Simulated and observed values of DO from June 24-25, 2009; (b) linear regression diagram for simulated and observed 
values of DO from June 24-25, 2009 
 
 
 
 
 
 
Fig. 4. (a) Simulated and observed values of DO from July 1-2, 2009; (b) linear regression diagram for simulated and observed 
values of DO from July 1-2, 2009 
Validation for the model is performed by using measured data from 13:10pm on July 1, 2009 to 
12:55am on July 2, 2009. The validation result is presented in Fig. 4, in which the average relative error 
between observed DO and simulated DO is 22%. 
The linear regression equation for simulated and observed DO is Ysimualted=0.821Xobserved+0.344, and 
R2=0.867. As average deviation for long reach simulation is usually controlled less than 23%, we accept 
that a good agreement was obtained between the model predictions and the experimental measurements. 
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The model we are presenting has high simulation accuracy and can properly simulate the dynamics of DO 
in Yellow River Estuary.  
5. Results and discussion 
An example application of the model was conducted to investigate the uptake and consumption of 
dissolved oxygen in the waters of an estuarine ecosystem for a simulation period of 24 hours. Sensitive 
analysis of the validated model is carried out to find out the most remarkable environmental factors that 
significantly affect DO and NEM. Variables including temperature, salinity and wind speed are selected to 
make sensitive analysis. According to the measured data, temperature, salinity and v (wind speed) is 
ranged by an incremental change for ten times. The sensitively analysis result is presented in Fig. 5.  
It can be discovered that the simulated DO of the eighth time appeared to be the same trend as the 
recorded one. The suitable values for temperature, salinity and wind speed are 23.7℃, 5.67 mg/L and 
9.33m/s, respectively (Table 3). Apart from these, compared with salinity and wind speed, temperature is 
discovered to be the most remarkable indicator related with DO.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Sensitive analysis results for the model 
Variation of NEM can be calculated within 24 hours from 18:44pm June 24, 2009 to 18:29pm June 25, 
2009 (Fig. 6). NEM presented to be below zero between 6:44 pm the 24th and 6 am the 25th, and it climbs 
up to the vertex at 9 am the next day.  The temperature of the surface water is comparatively low when 
there is little sunlight between 6pm to 6am, during which time the aquatic ecosystem is more 
heterotrophic than autotrophic. In contrast, while the temperature began to rise in the morning, the 
metabolism situation in the aquatic of estuarine ecosystem is autotrophic, with a better water quality 
situation. In monsoon, the NEM of our study area appears to vary with certain circulation on daily scale.  
Table 3. Values of the input variables for the Sensitive analysis 
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 Input variables 
Run Temperature Salinity Wind speed 
1 21.0 1.00 7.00 
2 21.4 1.67 7.33 
3 21.8 2.33 7.67 
4 22.2 3.00 8.00 
5 22.6 3.67 8.33 
6 22.9 4.33 8.67 
7 23.3 5.00 9.00 
8 5.67 5.00 9.33 
9 24.1 6.33 9.67 
10 24.5 7.00 10.0 
 
In this study, temperature is taken as the main influential factor for DO and NEM. Whereas, some 
other factors such as turbidity, pH and infow amount are not analyzed in detail. The ultimate difficulty 
stems from the complexity of the living system, both its structure and its dynamics, and the impossibility 
of removing ourselves fully to observational status. Developed models are expected to take NEM into the 
model structure, which should be considered in the further study.  
 
 
 
 
 
 
Fig. 6. Variations of NEM within 24 hours in Yellow River Estuary 
6. Conclusion 
In this study, a simulation scenario was chosen to investigate the uptake and consumption of dissolved 
oxygen by using a modified S-P model developed with STELLA. On the theoretical basis that temperature 
in the river affects BOD and DO index, we select the experiment data on typical climatic conditions of 
monsoon to establish and analyze the variation of DO on a daily scale. Regularity for change of NEM is 
analyzed under this condition. The results showed that temperature of the water is positively related to 
NEM in the water. The increase of temperature is accompanied by the increase of the net photosynthetic 
rate. Consequently, variations of temperature have limits on the accumulation of DO, which in return 
would threaten the self-purification ability of waters.   
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On the basis of the study on the influential factors of the main biochemical process and the water 
quality index, we built the experience formula on the main parameters for the water quality models. It 
would be valuable for the water quality modeling and prediction in estuaries. The model has 
comparatively high accuracy with the simulation error kept under 23%, and can be applied to simulate the 
average trend for metabolism of the Yellow River Estuary.  
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